The purpose of this study was to evaluate the relationship between calcification in tibial arteries, the degree of limb ischemia, and the near-term risk of amputation.
Background
Determining the amputation risk in patients with peripheral arterial disease (PAD) remains difficult. Developing new measures to identify patients who are at high risk for amputation would allow for targeted interventions and focused trials aimed at limb preservation.
Methods
Two hundred twenty-nine patients underwent evaluation by history, arterial Doppler, and multislice computed tomography of the lower extremities. We then explored the relationship between a tibial artery calcification (TAC), traditional risk factors for PAD, limb status at presentation, and near-term amputation risk.
Results
Increased age and traditional atherosclerosis risk factors were associated with higher TAC scores. Patients with critical limb ischemia had the highest TAC scores, and increasing TAC scores were associated with worsening levels of limb ischemia in ordinal regression analysis. Receiver-operator characteristic analysis suggested that the TAC score predicted amputation better than the ankle-brachial index (ABI). Symptomatic patients with a TAC score greater than 400 had a significantly increased risk of amputation. In Cox regression analysis, there was a strong association between the TAC score and the risk of major amputation that remained after adjustment for traditional risk factors and the ABI.
Conclusions
In patients presenting with PAD, the TAC score is associated with the stage of disease and it identifies those who are at high risk for amputation better than traditional risk factors and an abnormal ABI. Peripheral arterial disease (PAD) affects approximately 5 million Americans (1) , and it is associated with decreased quality of life (2, 3) , increased risk of death (4, 5) , and increased risk of limb-threatening ischemia (6) . The majority of patients with symptoms of early PAD remain stable; over time, however, 15% to 25% develop progressive disease requiring vascular intervention and 1 in 25 will require amputation (7, 8) . Despite our skill in identifying lower extremity arterial disease using exam and noninvasive testing, our ability to identify the subset of patients with PAD who will ultimately require amputation remains limited.
While extensive investigations on the role of coronary artery calcification and its use as a marker of coronary disease have been made over the last 15 years (9 -11), similar studies using computed tomographic (CT)-based methods that focus on lower extremity calcification have not been undertaken. When lower extremity arterial calcification is See page 1975 visible on conventional X-rays, it is associated with an increased risk of amputation (12) (13) (14) (15) . However, arterial calcification is thought to begin insidiously, and it may progress over years or decades before becoming apparent (16, 17) . Recent advances in CT imaging technology and software have made it possible to rapidly distinguish between minimal, early calcification that is difficult to detect, and the late, systemic calcification that is easily seen on conventional X-rays (18).
We, thus, established an algorithm for measuring tibial artery calcification (TAC) using multidetector CT scanning. We evaluated the relationship between the TAC score and the severity of symptoms. We then evaluated the association between the TAC score and the near-term amputation risk in patients presenting with symptomatic PAD. Our results suggest that evaluation of tibial calcification by multislice CT scan may be a useful method for identifying those patients who are at high risk for amputation.
Methods

Subjects.
Between January 2004 and October 2006, 118 patients with symptomatic lower extremity PAD were recruited from the vascular clinics of Vanderbilt University Hospital and the Nashville Veterans'Administration Hospital. In addition, we recruited a control group of 111 community volunteers without symptomatic PAD. In order to exclude the known effects of renal insufficiency and renal failure on arterial calcification, patients with a creatinine greater than 1.7 were excluded from this study. Also excluded were patients with type I diabetes, patients who did not ambulate, patients who had previously undergone a major amputation, patients with acute limb ischemia, patients who had previously undergone multiple (greater that 2) lower extremity revascularization procedures, and patients presenting with severe ischemia associated with gangrene or tissue loss (Rutherford category 6). Patient assessment and group assignments. Patients were asked about symptoms of PAD including claudication, ischemic rest pain, and ulcers. A further medical history was obtained that involved assessment of vascular risk factors including a self-reported history of tobacco use, hyperlipidemia, hypertension, and diabetes. Patients then underwent evaluation by pulse exam and noninvasive arterial Doppler testing. Lower extremity physical exam findings and arterial Doppler findings were then used to assign a limb ischemia category according to the criteria set forth by Rutherford et al. (19) . Biochemical measurements. Patients underwent standard laboratory evaluation for measurement of total cholesterol, high-density lipoprotein, low-density lipoprotein, and triglycerides. Imaging. Patients underwent noncontrast CT scanning of the lower extremities on a single 16-slice CT scanner (MX8000 IDT, Philips Medical, Cleveland, Ohio) that was calibrated daily and twice monthly using standardized protocols. Scans were performed using a 3-mm increment, mAs ϭ 200, and kV ϭ 120 with a field of view of 350 to 380 mm yielding typical spatial resolution 0.7 ϫ 0.7 ϫ 3.0 mm 3 . The scan duration was approximately 15 s. From the acquired raw data, the scan was reconstructed in 3-mm slices. The average number of slices was 135 Ϯ 43 slices. Sample images from patients without (A) and with (B) tibial artery calcium are demonstrated in Figure 1 . Tibial artery calcium scoring. Tibial artery calcium scoring was performed using standardized calcium scoring software (Phillips Medical Systems, Amsterdam, the Netherlands) by investigators who were blinded to the results of the clinical assessment and Rutherford categories. Automated image analysis was performed using the software on a Dell dual processor computer. On cross-sectional images through the lower extremities, areas of calcification along the tibial arteries with a cross-sectional area greater than 1 mm 2 and with a density of Ͼ130 Hounsfield units (HU) were identified automatically. Regions of interest along the distal popliteal, anterior tibial, posterior tibial, and peroneal arteries were manually selected and labeled. Measurements were started at the bottom of the patella and ended at the widest portion of the tibial and fibular malleoli at the ankle. This usually included the bottom half of the popliteal artery and the entire length of the 3 tibial arteries down to the ankle. This also allowed us to include all anatomical variants of tibial artery origins. Calcium scores were determined according to the method described by Agatston et al. (9) . This method was chosen because it is currently in widespread use and because it provides a simple transition from coronary calcium scoring. Individual calcium values for each artery in each lower extremity were added together to derive a single combined TAC score for each patient. Interobserver variability was evaluated by 2 readers in a randomly selected list of 39 scans. The Spearman correlation coefficient was 0.98 with a value of p Ͻ 0.001. Follow-up. Outcomes were determined from patient interviews during routine clinical follow-up. Patients presenting with critical limb ischemia (CLI) were followed at least monthly until symptoms resolved, healing was complete, or amputation occurred. Additional follow-up data were obtained through an institutional review board-approved chart review and through a follow-up completion survey performed by phone. Time to follow-up or event was calculated from the date of the CT scan. We were unable to obtain follow-up on 2 patients (1 patient with claudication and 1 patient with CLI) who did not return for management after their CT scan (98% follow-up). The control population was contacted 1 time for follow-up by phone questionnaire. We were unable to contact 4 patients in this group (96% follow-up). Follow-up of at least 3 months was available in 223 patients, and the mean follow-up time was 13.8 Ϯ 7.7 months. Minor amputation was defined as any amputation limited to the distal forefoot up to the transmetatarsal level. Major amputation was defined as any amputation above the ankle. Statistical analysis. Statistical computations were carried out using the SPSS version 15.0 (SPSS Inc., Chicago, Illinois) and GraphPad Prism 5 (GraphPad Software Inc., San Diego, California). Continuous variables were summarized via mean and SD, and dichotomous variables were summarized via counts and percents. The normality of continuous variables was checked using the KolmogorovSmirnov test. Due to non-normal distributions, comparisons of continuous variables across TAC groups and across limb ischemia categories were performed using the KruskalWallis test, and post-hoc comparisons were performed using Dunn's post-test. For comparison of dichotomous variables across TAC groups and limb ischemia categories, we used the chi-square test for trend followed by pairwise comparisons using the chi-square test. Values for TAC scores were significantly skewed, and for this reason statistics were performed on log-transformed TAC ϩ 1 scores.
Associations of clinical variables with severity of limb ischemia at presentation were assessed using ordinal logistic regression and expressed as hazard ratios with 95% confidence intervals. Receiver-operator characteristic curves were generated for TAC and ankle-brachial index (ABI) versus major and major plus minor amputation. Event-free curves for major amputation were generated using Kaplan-Meier analysis and compared using the log-rank test. Predictors of major amputation in patients with PAD were evaluated using Cox proportional hazards regression. Hazard ratios, 95% confidence intervals, and p values are listed. In order to maintain the predictive accuracy of different ranges of ankle pressures for limb ischemia, ABIs were categorized according to the following scale: 0 for normal ABIs of 0.9 to 1.4; 1 for diminished ABIs of 0.6 to 0.9; 2 for ABIs between 0.3 to 0.6; and 3 for ABIs below 0.3 and for noncompressible vessels.
Results
Patient characteristics at baseline.
A total of 229 patients completed the study and were included in the initial analysis of risk factors for TAC (Table 1) . Interestingly, total cholesterol levels and low-density lipoprotein were inversely related to the tibial calcification score; however, there was a trend toward increased statin use in patients with higher TAC scores. Patients with higher TAC scores had a higher incidence of PAD symptoms.
Patient Characteristics According to TAC Score TAC score is associated with severity of limb ischemia at presentation. The control population was generally well matched with the claudication group, but patients presenting with CLI were older, more likely to be men, and more likely to have type 2 diabetes, hypertension, and a history of tobacco use. The TAC score increased significantly between the control and claudication groups and between the claudication and CLI groups (Fig. 2 , Table 2 ). We next assessed the association between the TAC score and the level of ischemia at presentation. When we divided patients according to TAC ranges, the proportion of patients presenting with CLI increased from 0% in the lowest group to 57% for patients with a TAC score of greater than 1,000 (Fig. 3) . In order to adjust for the possible confounding effects of demographic and risk factors, we used ordinal logistic regression to evaluate the association between the TAC score and limb status at presentation (control, claudication, or CLI). After correcting for age, male gender, type II diabetes, hypertension, hyperlipidemia, and tobacco use, the TAC score continued to have a strong association with worsening ischemia (Table 3) . TAC score predicts amputation. During follow-up, a total of 28 amputations occurred in our vascular patient population while no amputations occurred in the control patient population. In the group of 74 patients initially presenting with claudication, there were 3 amputations (2 minor and 1 major). In the group of 45 patients presenting with CLI, there were 25 amputations. Of these, 15 were major and 10 were minor amputations. Receiver-operator characteristic curves were generated to evaluate the predictive value of TAC for amputation and to compare it with the ABI. When we evaluated these measures versus major amputation, the area under the curve for TAC was greater than that for the ABI (Fig. 4A) . When we evaluated these measures versus the combined end point of major and minor amputation, the area under the curve for TAC remained greater than that for ABI (Fig. 4B) . Thus, receiver-operator Patients were divided according to tibial artery calcification (TAC) categories (0 to 10, 10 to 1,000, and Ͼ1,000). Bars represent the number of patients with no disease (red bars, control group), claudication (blue bars), or critical limb ischemia (CLI) (black bars).
Patient Characteristics According to Severity of Limb Ischemia at Presentation
characteristic curves, while not corrected for possible confounders, indicate that the TAC score is a better marker of amputation risk than the ABI. We identified a TAC cutoff value of 400 which, when applied to our symptomatic vascular patient population, yielded a sensitivity of 94%, a specificity of 46%, a positive predictive value of 23% (15 of 65), and a negative predictive value of 98% (1 of 59) for major amputation.
Kaplan-Meier curve analysis was performed using a cutoff TAC value of 400 for the prediction of major amputation in symptomatic vascular patients. The log-rank test showed that patients presenting with vascular symptoms and a TAC score Ͼ400 had a significantly higher major amputation rate compared with patients with a TAC score Ͻ400 (Fig. 5) .
In our final analysis, we used Cox proportional hazards analysis to evaluate predictors of major amputation including TAC Ͼ400 in our symptomatic vascular patient population (Rutherford categories 1 to 5). Interestingly, in univariate analysis, traditional risk factors and the ABI lost their predictive value while a TAC Ͼ400 remained predictive. In multivariate analysis, after adjusting for age and ABI, the hazard ratio for a TAC Ͼ400 was 11.27 (p ϭ 0.025) ( Table 4 ). These findings suggest that in patients presenting to the vascular service with symptomatic PAD, a TAC score Ͼ400 predicts amputation better than demographics, risk factors, and the ABI.
Discussion
Our study showed for the first time that multislice CT can be used to quantify calcification in the tibial arteries and that TAC is strongly associated with the stage of lower extremity vascular disease and the near-term risk of major amputation. This association was preserved after correction for traditional risk factors and the ABI, an indirect measure of pedal perfusion. Patients without tibial calcification did not require amputation, while 1 in 5 patients presenting with ischemic symptoms and a TAC score Ͼ400 underwent major amputation. Our study suggests that tibial artery calcium may be a useful measure to stratify patients into risk categories and to guide therapy aimed at limb preservation.
The initial diagnosis of PAD in patients is uncomplicated. Once the diagnosis of PAD is made, however, determining which patients have a poor limb prognosis with ultimate need for major amputation remains problematic. While an abnormal ABI can predict all-cause and cardiovascular-specific mortality (20) , it correlates poorly with symptoms (21) , can give misleading results in patients with calcified vessels (22) , and cannot predict healing after forefoot amputation (23) . Our results suggest that the TAC score may be most useful in this at-risk patient cohort with known vascular disease. Patients with low or normal TAC scores could be safely managed with conventional medical management, whereas patients with a TAC score above a certain threshold might benefit from more intensive medical therapy, custom shoes, and more frequent foot examination, and they may also be more suitable for participation in clinical trials aimed at preventing amputation.
Abdominal, pelvic, and lower extremity calcification have previously been shown to reflect advanced occlusive disease and increased risk of cardiovascular events (12-15,24 -27). Receiver-operator characteristic (ROC) curves for the predictive value of tibial artery calcification (TAC) and ankle-brachial index (ABI) on major amputation (A) and on major and minor amputation (B). The black line represents the ROC curve for TAC score. The blue line represents ROC curve for ABI. The red line represents no effect. AUC ϭ area under the curve.
Adjusted HR for Increasing Severity of Limb Ischemia at Presentation* Table 3 Adjusted 
Recent studies have focused on patients with chronic kidney disease (28) , and there is a well-known association of increased systemic vascular calcification in patients on dialysis (29 -33) . Relationships between the macroscopic arterial calcification that is visible on conventional X-rays and glucose tolerance (34), neuropathy (35) , mortality rates, and complications of diabetes including amputation have also been demonstrated (12) . However, the utility of quantitative assessment of vascular calcification by multislice CT has not been evaluated. We propose a scoring protocol for lower extremities based on the extensive investigations previously performed on coronary artery calcium (9) . Our rationale for assessing arterial calcification in the tibial vessels was related to previous work suggesting an association between distal calcific disease and amputation (12) . It was also based on the known relationships between diabetes, tibial atherosclerosis, and limb loss (36) . While there are significant risk factor associations for calcified atherosclerosis in different vascular beds (37), we suspected that the amount of calcific disease in the tibial vessels would most strongly reflect the degree of blood-flow impairment to the foot. We excluded calcification in the aortoiliac and femoral regions based on the fact that chronic, single-level disease above the knee is infrequently associated with CLI (38) , while tibial artery disease, even in an isolated form, can lead to amputation (39) . Additionally, the risk factors for aortoiliac and femoropopliteal disease are known to be different from those for tibial occlusive disease (40), and we did not want to confound the associations between the TAC score, risk factors, and end stage events.
In order to remain consistent with the methods used for scoring coronary calcium, we did not attempt to distinguish between intimal and medial calcification. Previous studies have suggested that medial, but not intimal, calcification predicts cardiovascular events (12) (13) (14) . We are unable to determine if our results would have been different had we focused on medial calcification; however, the predictive ability of the TAC score remains strong. A comparison of the total calcification score with a scoring system based solely on medial calcification may yield insight into the pathophysiological importance of the 2 types of calcification. Finally, the progression rate of TAC is unknown. It was previously thought that PAD patients progressed consecutively through the stages of ischemia from mild to severe claudication then to rest pain or ulceration. However, we now know that many patients presenting with CLI progressed rapidly, and previous studies suggest that more than one-half of CLI patients are asymptomatic 6 months prior (41) . Our data show that many patients with high TAC scores had minimal symptoms of lower extremity vascular disease. Further studies will be needed to determine if this subgroup of patients with high TAC and minimal or no symptoms are indeed the same patients who will go on to develop CLI. Study limitations. Our study has several limitations. First, we chose to modify the Agatston scoring system for use in the tibial arteries because of its widespread integration in Figure 5 Major Amputation Events According to TAC Score for Patients With PAD Symptomatic vascular patients were stratified by tibial artery calcification (TAC) scores Ͼ400 or Ͻ400. Kaplan-Meier curves were derived for major amputation-free survival. The p value is derived using the log-rank test. Number of patients at risk at each time point is listed on the bottom. PAD ϭ peripheral arterial disease. Future work will be needed to address this issue. We have not fully addressed the variability in the performance or interpretation of scans. However, our interobserver variability was excellent with a Spearman correlation coefficient of 0.98, and in coronary arteries, the technique is remarkably robust (44) . We chose to use parameters similar to those used for coronary artery calcium scoring including a 3-mm slice thickness and nonoverlapping segments; however, optimization of parameters for efficient comparison and tracking of TAC scores will be needed. The scoring method will also need to be validated against other calcium assessment systems and against the total amount of occlusive disease. We did not demonstrate utility of the TAC score in patients within specific Rutherford groups owing to the limited number of events; however, when we assessed the predictive value of TAC for major and minor amputations in patients presenting with Rutherford categories 1 to 4, TAC was a significant factor (p ϭ 0.010), although there were only 3 amputations in this group (2 minor and 1 major). When we included the presence or absence of CLI as a variable in logistic regression analysis, the p value for TAC approached significance (p ϭ 0.060). Larger and longer-term studies will be needed to determine the associative and predictive aspects of TAC scoring in individual patient subpopulations. There was selection bias in our population in that over one-half of our subjects came from a referral vascular surgery practice. While we tried to compensate for this by recruiting asymptomatic volunteers from the community, our results cannot be extrapolated to the overall population. We did not include toe pressures or a toe-brachial index in our analysis of predictors for major amputation, and this may be a better measure of limb ischemia in patients with calcified vessels (22) . Additionally, our study does not take into account the various efforts at limb salvage, and, in particular, we have not categorized the attempts at revascularization, wound care, or other treatments that were offered to the patients in our study. Tibial artery calcification scores, however, were unknown to physicians recommending amputation, and they were not used for clinical decision-making.
HRs for Major Amputation in Patients Presenting With PAD
Conclusions
We have demonstrated that: 1) tibial artery calcium scores are higher in patients with PAD than in asymptomatic control subjects; 2) increasing calcium scores are associated with increasing severity of PAD; and 3) the TAC score predicts the short-term risk of amputation, independent of other risk factors and the ABI. Further efforts to evaluate the pathophysiological mechanisms relating tibial artery calcium accumulation to CLI are warranted, as are clinical investigations aimed at preventing lower extremity amputation in this high-risk population.
